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INTRODUCTION 
The purpose of this study was to observe the recrystallization of 
zinc directly in a microscope hot stage under crossed polarizers. From 
the observations, the growth rate as a function of strain and annealing 
temperature was measured. The movement of the boundaries appeared ir­
regular although the total fraction recrystallized was a smooth function 
of time. 
This work was preceded and motivated by an attempt to grow single 
crystals of gadolinium (23). Gadolinium has a hep structure up to 1264°C 
and then becomes bcc from 1264°C to 1312°C, the melting point. Crystals 
grown by melt methods would not survive this transformation undamaged. 
The strain anneal method was tried since it was the only one which could 
produce the crystal at temperatures within the hep range. It was at 
this point that the question arose of which recrystallization technique 
would give the best chance for producing a single crystal, 
Recrystallization has long been known to proceed by a process of 
nucleation and growth. When a cold-worked metal is heated to a tempera­
ture at which recrystallization will ensue, nuclei of new grains appear 
and grow until the cold-worked matrix is consumed. If the kinetics of 
nucleation and growth are known as separate functions of the penultimate 
grain size (size before straining), strain, annealing temperature and 
purity, the choice of crystal growing conditions is reduced to picking 
those conditions which give the highest ratio of growth rate to nuclea­
tion rate. Ideally, the first grain nucleated would grow throughout the 
entire specimen before a second could nucleate,  ^
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In the work on growing single crystals of gadolinium, the critical 
strain was determined by straining a tapered tensile specimen and ob­
serving the strain at which the resulting grains were largest after 
annealing. The values of the other factors affecting recrystallization, 
such as annealing temperature, etc., were chosen according to the quali­
tative principles of recrystallization. 
In trying to determine a method to get quantitative information 
about the effects of these other variables on the kinetics of recrystalli­
zation of gadolinium, it was discovered that the microstructure of non-
cubic metals can be continuously observed under crossed polarizers while 
recrystallization is occurring. 
Attention was switched to zinc because of the problems attendant 
to the high recrystallization temperature of gadolinium. The recrys­
tallization temperature of gadolinium is in the neighborhood of 1000°C 
while the recrystallization of zinc occurs in the temperature interval 
of 25°C to 419°C (its melting point), depending on the amount of strain. 
These lower temperatures simplify the design of the annealing furnace 
and avoid the problems of vaporization and reaction with other materials. 
Since zinc and gadolinium both are hep, it was thought that the deforma­
tion and recrystallization mechanisms might be similar. 
The results of kinetic studies on the recrystallization of zinc 
are of interest also because they can be of use in deciding on a strain 
anneal technique to grow single crystals of zinc and because they may 
shed more light on the mechanisms of the various stages of recrystalli­
zation. Although recrystallization has been the object of much study, 
the basic mechanisms are not completely understood. 
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LITERATURE REVIEW 
The literature that is pertinent to recrystallization is large and 
extensive. It includes studies of deformation, of the nature of the 
cold-worked state, of recovery, of the structure of grain boundaries, 
of the relationship of grain boundary free energy to orientation, and 
of nucleation and grain boundary velocity during recrystallization. 
For good reviews of the state of the art and the theoretical situation 
in these areas, a collection of papers presented at a seminar of the 
American Society for Metals in I965 (l) and a book by Eiyrne (5) are rec­
ommended. 
Attention in this review will be limited to general principles of 
recrystallization, quantitative metallography, grain boundary velocity 
theories, and recrystallization studies of zinc. 
General Principles of Recrystallization 
Recrystallization has long been recognized to take place by nuclea­
tion and growth. A plot of,the fraction recrystallized versus time of 
an isothermal anneal gives a sigmoidal curve which is typical of phase 
transformations occurring by nucleation and growth. After an incubation 
period, new grains start to grow from a number of sites, the number?-of 
sites increases with time, and the strain-free grains grow until they 
have consumed the entire cold-worked matrix. 
General qualitative observations of recrystallization include the 
following : 
1) Nuclei form preferentially at grain boundaries and free surfaces. 
Such regions are the places where the local deformation is highest. 
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2) The final grain size decreases sharply with strain. However, there 
is a minimum strain below which recrystallization does not occur. 
3) The orientations of the final recrystallized grains, have a statis­
tical correlation with both the orientation of the penultimate grains 
and the direction of straining. 
4) The time for recrystallization to occur increases with decreasing 
temperature and decreasing strain. 
5) Larger penultimate grain sizes require more strain for recrystalli­
zation to occur than smaller grain sizes. 
Quantitative Metallography 
Quantitative metallography is vitally important to recrystallization 
studies because inspection of the microstructure is the method used to 
determine the progress of the transformation. The customary procedure 
in a study of recrystallization kinetics has been to anneal many samples 
and remove and quench several samples at specified intervals of time. 
Each of the quenched samples have been sectioned, and the microstructure 
has been examined. In the case of small strains and at times early in 
the recrystallization process there is difficulty in recognizing the 
recrystallized portion because recognition depends on noting the strain-
free appearance (absence of deformation bands, etc.) of the new grains 
or on noting their large size relative to the matrix grains. 
The number of recrystallized grains appearing on the plane of polish 
is related to the number per unit volume. To know the relationship the 
shape must be known and remain constant. Assuming spherical particles, 
Pullman (10) has shown that 
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where is the number of circular intersections per unit area of the 
plane and is the harmonic mean of their radii. The increase with 
time of the number of recrystallized grains per unit volume divided 
by the fraction of unrocrystallized volume gives a measure of the nuclea-
tion rate. This is actually only a measure of the rate at which grains 
reach a visible size, not a measure of the rate of formation of nuclei 
of critical size. However, recrystallized grains do not disappear during 
primary recrystallization after they have reached a visible size so it 
is certain that they have already passed through the critical stage. 
The critical size has not been determined for recrystallization nuclei 
because the surface energy of the recrystallizing embryo is not neces­
sarily the final, fixed value corresponding to a sharp boundary between 
the stable and metastable phase. Electron microscopic observations 
(i. e, Bollraan's study (3) of recrystallization in nickel) indicate 
that initially the boundary is quite diffuse, corresponding to a low 
value of interfacial energy. It becomes sharper and sharper, and the 
surface energy increases as the bulk free energy of the nucleus drops 
toward that of the undistorted metal by gradual clearing of the dislo­
cations in its interior. In other words, the stable nucleus is formed, 
not by growth from smaller but structurally similar unstable embryos, 
but by a homogeneous transformation of its material, extending over a 
volume that may be larger than that of the stable critical nucleus from 
the very beginning of the process. 
Since nucleation in the classical sense does not appear to apply 
to actual recrystallizations, nucleation is often used to refer to the 
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moment a grain reaches visible size, Cohen (8) calls this operational 
nucleation, but in most of the literature on recrystallization nucleation 
is used with this definition. 
The grain growth rate has been measured in two ways. The most fre­
quently used method has been to measure the radius of the largest recrys-
tallized grain seen on the plane of polish. The slope of the plot of 
this radius versus annealing time was taken to be the grain growth rate. 
The rationale of this procedure is as follows ; The largest grain seen 
on the plane of polish is assumed to correspond to the intersection 
of the plane through the center of the largest grain present in the 
sample. Assuming that all new grains grew at the same rate, the observed 
radius is the true radius of the first grain nucleated in the sample. 
Furthermore, all radii measured on successive samples removed from the 
annealing furnace belong to grains nucleated at the same time. 
Another method has been suggested by Cahn and Hagel (7). This re­
quires the simultaneous measurement of the volume fraction X(t) of 
recrystallized material and its boundary area S(t) per unit volume as a 
function of time. The increase in volume during a short time interval 
dt is 
dX = (l/S)dtjGS(t)dS = GS(t)dt 
where G denotes a growth rate averaged over all recrystallized grains 
with a weighting factor proportional to their surface area, Solving for 
G, 
G = (dX/dt)(l/S(t)). 
The volume fraction of recrystallized material is the same as the frac-
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tion of recrystallized area appearing on a plane of polish, provided 
that the area viewed is a representative sample. The boundary area per 
unit volume can bo measured by counting the number of intersections of 
a grid with the traces of the'boundary on a randomly oriented plane 
through the specimen. Smith and Guttman (26) showed, from a study of 
geometric probabilities, that the boundary per unit volume S is: 
S = 2N/L, 
where N is the number of intercepts of grid lines with the boundary 
traces on the plane of polish and L is the total length of line in the 
grid applied to the plane of polish. 
Grain Boundary Migration 
The various theoretical treatments of the kinetics of boundary 
migration during recrystallization have been reviewed by Gordon (12), 
These analyses showed that the boundary velocity is dependent on the 
gradient of free energy along the direction of movement and on the bound­
ary mobility. A mathematical statement of this is 
G = B(4F/a%) 
where B is the boundary mobility and AF/\x is the gradient of the free 
energy. 
Usually AF/AX is evaluated as the average value of the stored energy 
divided by the thickness of the boundary. The thickness of the boun­
dary depends on the orientation of the grains on each side of it as 
well as the orientation of the boundary itself. However, the range of 
thicknesses is on the order of one to several atoms and Ax is taken to 
be one lattice spacing. 
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Turnbull (2?) assumed that the atoms are transferred singly across 
the boundary and using absolute reaction rate theory, derived the follow­
ing expression for the grain boundary velocity; 
G = (ed/hN)(AF)exp(AS^ /R)exp(-Q/RT) 
where e is the base of natural logarithms, d is the distance of boundary 
advance locally when an atom is transferred from one grain to the other, 
h is Planck's constant, N is Avogadro's number, AF is the driving free 
energy per mole,is the entropy of activation for boundary motion, 
Q is the activation energy for migration, R is the universal gas constant, 
and T is the absolute temperature, 
Lucke and Detert (18) formulated an atomistic theory accounting 
for the impurity effect. The basic hypothesis was that impurities tend 
to segregate at boundaries and that their concentration at the boundary 
(whether stationary or moving) is approximately the same as the equilib­
rium concentration for a stationary boundary 
Cg = C exp(-E/RT) 
where is the grain boundary impurity concentration, C is the bulk 
impurity concentration, and E is the interaction potential between im­
purity atoms and the boundary. When the boundary moves it must drag 
along the impurity atmosphere unless the driving force is large enough 
to overcome the dragging effect. Therefore, the grain boundary veloc­
ity is 
G = (AF/RT)(l/d)(DVc)exp(-(Q, - E)/RT) 
O L 
where the quantities are the same as defined in Turnbull*s equation and 
and refer to lattice diffusion of the impurity. At low impurity 
concentrations and/or at high temperature, the boundary breaks away from 
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its impurity atmosphere and the velocity is again given by Turnbull's 
expression. 
Figure 1 shows schematically how the growth rate should vary with 
temperature for a given composition based on the Lucke-Detert theory. 
According to Gordon (11), there are two types of relationship possible. 
In the first case, the curve connecting the two branches shows a point 
of inflection around a certain temperature--the breakaway temperature--
at which the driving force overcomes the binding force between the im­
purity and the boundary. This occurs when the breakaway temperature 
is much lower than the temperature at which the two branches intersect, 
i.e. when the impurity atoms become more mobile than the solvent atoms. 
The second case occurs when the breakaway temperature is higher 
than the temperature of intersection and the two branches join smoothly. 
The second case describes the behavior at lower driving forces, and the 
first case describes the behavior at higher driving forces. 
Vacancies may play a very important role in determining boundary 
mobility. The main evidence for the influence of absorbed vacancies 
on grain boundary mobility has come from investigations by Mullin (22), 
in der Schmitten, Haasen and Haessner (16), and Dimitrov (9, p, 103). 
Mullin found a gradual decay with time in grain boundary mobility in 
bismuth bicrystals which he postulated was due to the gradual elimina­
tion of vacancies at sinks, In der Schmitten, Haasen and Haessner found 
that the mobility of boundaries in "bamboo" bicrystals was a sensitive 
function of rod diameter, and argued that this was because the escape 
distance for vacancies was smaller in thinner bicrystals, Dimitrov 
showed that thin films of heavily deformed aluminum would not recrys-
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tallize even near the melting point, even though the massive material 
recrystallized below room temperature. This he attributed to the ready 
escape of vacancies from the thin films. Mengberg, Meixner, and Lucke 
(19) noted much faster recrystallization of copper deformed at subzero 
temperature than copper deformed at room temperature. They explained 
this on the basis that a greater concentration of vacancies was avail­
able in the first case, whereas on working at room temperature, vacan­
cies dissipated during the deformation itself. 
These arguments are all indirect. However, in the case of impurity 
controlled migration of boundaries, the rate of boundary migration is 
directly proportional to the rate of impurity diffusion and the rate of 
impurity diffusion is proportional to the concentration of vacancies. 
Modifications of Lucke and Detert's theory have been made by Gordon 
and Vandermeer (I3) and Cahn (6). Their theories are also atomistic 
and contain the assumption that the impurity atmosphere explains the 
slower boundary migration rates, 
Recrystallization of Zinc 
Miller and Williams (21) tried to grow single crystals of zinc by 
recrystallization. Large-grained sheets—60 mm diameter grains—were 
obtained at a critical strain of 2.5^  by heating in air to 410°C at the 
rate of 1°C per min. They attributed the large grains to being produced 
by secondary recrystallization because they showed a preferred orien­
tation—apparently an orientation whose surface tension was low at the 
air-zinc surface. 
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Hofmann, Rieohe and Oeter (13) prepared single crystals from extruded 
rods of zinc strained 2.3^  in tension. They moved the 5 mm diameter 
rods through a gradient furnace at 18.6 mm/hr. Sections up to 500 mm 
long were single crystalline, 
Brinoon and Moore (U) observed the reorystallization of zinc deformed 
12-15'^  by compression in a hot stage on a polarizing microscope at 110°C. 
No quantitative measurements were made. They noted an erratic.growth 
rate and discussed the effects of twin boundaries, grain boundaries, 
inclusions and surface imperfections. Sometimes twin boundaries inhib­
ited growth of a new grain; other times the boundary grew across the 
twinned region with only the irregularities in growth which were noted 
in general. Growth was accelerated or retarded at grain boundaries, and 
the magnitude of the effect varied Ooaeiderably. Inclusions and surface 
imperfections sometimes slowed growth locally. The boundary bowed out 
until the imperfection was nearly surrounded. Then the region of the 
imperfection was quickly swallowed. Other times there was no notice­
able effect. 
Bernhardt and Hanemann (2) used the polarized light technique with 
a microscope hot stage for a filmstrip on the recrystallization and 
grain growth of tin and zinc. The work on zinc was at very high degrees 
of reduction by cold-rolling and for very small penultimate grain sizes. 
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EXPERIMENTAL WORK 
Material Used 
Zinc of 99.999 wt per cent purity was obtained from Cominco Products, 
Inc. Spectroscopic analysis indicated the following amounts of impu­
rities: 0.5 pptn Cd, 0.1 ppm Cu, 0.5 ppm Fa, 1.0 ppm Pb, 0.1 ppm Mg, 
0.1 ppm Si, and 0.1 ppm Sb. The cast block was too coarse-grained to 
machine into tensile specimens, so it was cut into 5/8 in diameter bars 
of square cross-section. These were hot swaged into 5/8 in diameter 
rods. After an hour anneal at 150°C, recrystallization was complete. 
Microscopic examination of the cross-section revealed a fine-grained 
structure, uniform across the cross-section. 
Tensile specimens were machined with a 3 in gage length, 10 mm 
diameter (chosen so sections would fit into the hot stage), and threaded 
ends. 
Equipment and Procedure 
The tensile specimens were strained 2.0^ , 3,0#, 3*9^  and 4.5^  on a 
Riehle Model FS-10 universal screw power testing machine at a strain , 
rate of 0.02 in per min. The strain was measured by an extensometer. 
Model DC-5 DN-10-20, made by American Machine and Metals, Inc. 
After straining, slices O.O3O in thick were cut from the gage length 
using a spark cutter. There was concern that this cutting operation 
would add to the total strain or raise the temperature of the specimen 
to the point that recrystallization would already start. However, Samuels 
(24) reported that for slow cutting rates, plastic deformation in 70/30 
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oc-bras3 was limited to within 0.002 in from the cut surface. Hancock, 
Grosskreutz, and Bowles (l4) found less than 10°G rise in temperature 
at distances 0.002 in from the cutting tool when spark cutting aluminum 
and copper. So it appears reasonably safe to assume that spark cutting 
did not add to the total strain or initiate recrystallization in the 
portion of the wafer that was left after electropolishing. 
To polish the surface for microscopic observation, a 600 grit paper 
was first used followed by a 10 min electropolish in a 1^  perchloric 
acid-methanol electrolyte with a stainless steel cathode. The voltage 
was approximately 50 volts DC and the current density 0,2 amps/cm for 
the best surface. The perchloric acid-methanol solution was placed in 
an acetone-dry ice bath for safety and also because a better polishing 
job was done at the low temperature. The electrolyte etched the zinc 
very quickly at room temperature. Grain boundaries revealed by etching 
grooves complicate the picture as well as cause surface irregularities 
which may influence the recrystallization. The thicknesses of the thin, 
disc-shaped specimens ranged from 0,008 in to 0.012 in at this stage. 
In the preliminary stages of this work a rod 10 cm long was used 
instead of the wafer specimens described above. When using the more 
massive piece the heat released during recrystallization caused a 5-10°C 
rise in the sample making an isothermal anneal impossible. No such tem­
perature increase was noted when using the wafers. The area in good 
thermal contact with the surroundings must dissipate the heat of recrys­
tallization in the case of the wafer with a negligible rise in temper­
ature. 
Another purpose for using the wafer was that a new grain appearing 
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on the piano of polish could be identified as a recrystallized grain 
which had nucleated within the time it appeared minus the time it would 
require to grow through the thickness-of the wafer. No measurements 
of nucleation rate were made because the field of view encompassed only 
one to throe new grains. However, in oases where the final grain size 
is such that many grains fall within the field of view, the thin wafers 
would allow nucleation (operational) times to be determined. 
These polished specimens were annealed in the Unitron HHS microscope 
hot stage on a Bausch and Lorab raetallograph. Figure 2 shows the hot 
stage and Figure 3 shows the entire apparatus, A Kodak Cine Special 
movie camera with time lapse drive was used to photograph the recrys-
tallization on Kodak XX movie film. The time lapse drive permitted 
pictures to be taken at 5 frames/sec, 1 frame/2.5 sec, and 1 frame/5 
sec intervals. The annealing temperature was achieved in less than 2 
 ^ o 
minutes and remained constant to within -0,5 C of the annealing temper­
ature . 
Argon was continuously flushed through the hot stage to prevent 
oxidation and cold water was circulated through the bottom of the stage 
to protect the microscope objective lens (although it probably was not 
necessary at the low temperature). 
The motion pictures were projected onto a screen upon which a grid 
had been superimposed. The fraction of recrystallized area on the plane 
of polish was measured by counting the number of intersections of the 
grid which fell within the recrystallized region and dividing by the 
total number of intersections in the field of view. The interfacial 
area was measured by counting the intersections of the grid lines with 
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the traces of the boundary. The interfacial area was calculated from 
this number by Smith and Guttman's equation 
S = 2N/L. 
The recrystallizing grains were so different from a circle and so non­
uniform in shape that a diameter could not be measured. There was some 
variation in the fraction recrystallized at corresponding times for 
different specimens strained the same amount and annealed at the same 
temperature so the average fraction recrystallized X and the variance 
was computed where 
'x = \ (X - X)2/(n - 1). 
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RESULTS 
Sequences of typical results at each of the strain and temperature 
levels are shown in Figures 13-21 in the Appendix. An advantage of using 
polarized light is readily apparent—the recrystallized area is distin­
guishable from the non-recrystallized area at these low levels of cold 
work only by comparison with previous pictures in the series. Very few 
deformation bands, twins, etc. are present at these low strain levels 
to aid in distinguishing the recrystallized portion, and there is no 
contrast in size between the original and recrystallized grains. In 
a statistical type of experiment using different samples it would have 
been impossible at the low levels of cold work used in this study to 
determine the fraction recrystallized. 
The measurements of recrystallized fraction and interfacial area 
per unit volume that were taken from the projected filmstrips are re­
corded in Tables 1-11 in the Appendix, The average values of the frac­
tion recrystallized are plotted as a function of annealing time in Fig­
ures 4-7, It appears that the time dependence of the fraction recrys­
tallized is similar for all temperatures and strain levels. All have 
a sigmoidal shape. 
The interfacial area between the recrystallized regions and the 
strained matrix is plotted in Figure 8 as a function of the fraction 
recrystallized. Since the points appeared to fall in a parabolic pat­
tern, the data were fitted with a second order polynomial at each strain 
level using a least squares analysis. The polynomials giving the best 
fit are: 
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An attempt was made to fit the X versus time data with a polynomial 
in In t, A third order polynomial gave the best fit. However, the 
fit at low values of X was still poor, and it seemed preferable to draw 
a smooth curve through the data points. Higher order polynomials fit 
the data points more closely, but the derivatives of such polynomials 
are not good measures of dX/d(ln t). The graphical procedure of deter­
mining the normal with a mirror was used to measure dX/d(ln t) from the 
smooth curves drawn through the data points, 
Cahn and Hagel's definition of growth rate was used to calculate 
the growth rates; 
G = dX/dt(l/S). 
In terras of the slope of X versus In t, 
G = (dX/d(ln t))(l/t)(l/S), 
where dX/d(ln t) and l/t were taken from Figures 4-7 and S was calculated 
using the quadratic function of X. 
Growth rates calculated at 0.1 intervals of X by use of the above 
equation are plotted in Figure 9» At each strain level and annealing 
temperature the growth rate decreases with time. All of the data may 
be correlated by the equation 
G = 0.275/t, 
where t is time. 
This decrease of growth rate with time could be attributed to a 
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decrease in the stored energy of cold work due to concurrent recovery. 
However, it could be the combined effect of the decrease in stored en­
ergy and annealing out of vacancies. A smaller concentration of vacan­
cies would decrease the boundary mobility—particularly if the boundary 
velocity is limited by the rate of impurity diffusion. 
Figure 10 shows the boundary velocities at 50^  recrystallization 
plotted versus reciprocal temperature. Any other per cent of recrys­
tallization should give points in the same relative positions. The 
fact that the slope of the X versus In t curves could most accurately 
be determined in the straight portion was the reason for picking X = 0.5* 
In Figure 10 the points do not lie on a straight line as they would 
if an Arrhenius type equation were applicable. However, lines connecting 
them do follow the pattern predicted by Lucke and Detert's theory of 
impurity-controlled boundary velocities (see Figure 1). The slope of 
the 4,5^  curve at the higher temperatures is 1? kcal/mole. This com­
pares reasonably well with the 14.5 kcal/mole grain boundary self-dif­
fusion activation energy obtained by Wajda (28) using Zn^  ^as a tracer 
and values of 20,4 kcal/mole obtained by Miller and Banks (20) and 21.8 
kcal/mole obtained by Shirn, Wajda and Huntington (25) for lattice self-
diffusion. The slope becomes steeper as the strain decreases. This 
is consistent with the explanation that the boundary mobility depends 
on the concentration of vacancies. In the case of the higher strains 
the vacancies would be supplied in greater part by the straining process. 
The lower strains depend to a greater extent on the equilibrium supply 
of vacancies. Statistical thermodynamics gives the fractional concen­
tration of vacancies at a temperature T as 
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Figure 10. Boundary migration rates during recrystallization of zinc 
plotted according to an Arrhenius rate equation at each 
strain level 
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n/N « exp(Sp/K)exp(-Up/KT), 
where S„ and U„ are the entropy and internal energy of formation. No 
r r 
values of and as well as the concentration of vacancies produced 
by cold work could be found in the literature for zinc so no quantita­
tive comparisons could be made. The experimental activation energy for 
solute diffusion also contains a correlation factor which has been shown 
to vary markedly with temperature by Leclaire and Lidiard (17). In 
other words, the observed activation energy is not simply the sum of the 
basic activation energies so the conbination of Lucke and Detert's theory 
with the vacancy model of impurity diffusion is not possible without 
knowledge of the correlation factor as well. 
Starting with Cahn and Hagel's definition of growth rate 
G = (dX/dt)(l/S) 
and substituting the empirically determined relationship for G as a 
function of time and S as a function of X gives; 
0.275/t = (dX/dt)(l/(a + bX f cX^ )). 
Integrating, 
0.275 dt/t = dX/ (a + bX + cX^ ) 
gives 
0.275 Int = (l/Vb^ -4ac)ln((2cX + b -/bf_4ac)/(2oX + b +^ b^ -4ac)) + K 
where a, b and c are the coefficients in the quadratic equation for S 
and K is a constant of integration. This equation is not of fundamental 
importance except that it describes the data over the entire range of 
temperature and strain. The integration constant K is constant during 
each anneal but changes to another value for a different temperature 
or strain. 
30 
Figure 11 shows samples of the uneven growth which was observed 
at all strains and temperatures. The growth of the recrystallizing 
grain was often temporarily stopped at the boundary when it encountered 
a grain of the matrix. However, it also would grow unevenly after it 
entered the deformed grain. Sometimes, it would remain apparently fixed 
for several frames. Then within the time before the next frame, it 
would have swept through a distance equivalent to a significant fraction 
of the matrix grain. 
If the angle between the normal to the interface of the growing 
grain and the observed plane remained constant, then these growth spurts 
and stalls were in fact wide variations in the local grain boundary ve­
locity. The atomistic theories predicting grain boundary velocities 
should predict the local velocities. Agreement with average values ob­
tained from the entire field of view does not confirm the validity of 
the theory unless it can be shown that the averaging process applied to 
the boundary velocities does not alter the form of the theory when the 
theoretical equation is similarly integrated. In the statistical type 
of experiment, where many samples are used, the boundary velocities are 
assumed to be the same throughout the specimen at any particular time 
during the anneal—the average velocity is assumed to be the same as 
the local velocities. The present experiment where polarized light was 
used to continuously follow the growth of the grains showed wide vari­
ation in the apparent local velocities. 
However, it was impossible to determine the angle between the in­
terface of the growing grain and the plane of polish during the recrys-
tallization so the irregularities may also be explained by variations 
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Figure 11, Two sequences of pictures showing uneven growth along the 
boundary and uneven growth with time during recrystallization 
at l40°C. of a sample strained 3*0# 
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in this angle. The apparent growth normal to the trace of the grain 
boundary on the plane of polish would be increased by the factor l/cos#, 
where ^ is the angle between the normal to the interface of the grain 
and the plane of polish. When this angle is large, the apparent growth 
rate would be extremely high. 
Figure 12 shows a typical example of nucleation. All the recrys-
tallized grains observed in all of the pictures taken originated at 
grain boundaries. The light streak at the boundary where this grain 
started to grow is a groove in the surface produced by the electropol-
ishing and thermal etching. The groove itself could be a factor in 
nucleation occurring at this point and/or it can be indicative of a high 
density of stored energy of cold work. No measurements of nucleation 
rate could be made because the field of view encompassed only from one 
to three new grains. 
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Fieure 12. Appearance of the first recrystallizing grain at 140^ C. in 
a sample strained 3.04. The first and last pictures are the 
general field of view and the middle ones are enlargements 
of the area of the newly visible grain. 
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CONCLUSIONS 
The kinetics of recrystallization of zinc strained 2.0;^ , 3'0^ , 3.9^  
and 4,5^  was determined in the temperature range of 90°C to l60°C using 
polarized light microscopy to take motion pictures of the recrystallizing 
grains in wafer specimens. The growth rate could be expressed as 
G = 0.275/t 
for all strain and temperature levels. The time dependence of the recrys-
tallized fraction over the entire temperature range could be described by 
0.275 Int = (l/\/b^ -4ac)ln((2cX + b -/b^ -4ac)/(2cX + b +^ -^4ao)) 4 K 
where a, b, and c are the coefficients in the second degree polynomials 
relating the interfacial area to the fraction recrystallized. The inter-
facial area for each strain level could be described by; 
Sg Q. =0.765 + 22.6X - 21.3X2 
3^.0^  = 1.05 4. 22.7X - 21.1x2 
S 22 = 0.716 + 44.0X - 41.1x2 
= 0.141 + 31.5X - 30.8x2 
The activation energy at the highest strain and temperature levels 
was 17 kcal/mole which agrees reasonably well with literature values for 
grain boundary self-diffusion. The deviations from a straight line 
relationship between In G and l/T were in agreement with Liicke and 
Detert's prediction for impurity controlled grain boundary movement al­
though a quantitative comparison could not be made. The increasing ac­
tivation energy for decreasing strain levels indicates that the bound­
ary mobility may be dependent on vacancy concentrations. 
Uneven growth was observed on the surface of the wafer specimen. 
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Although this is not conclusive evidence that the local boundary veloc­
ities fluctuate widely from the average, it indicates that caution should 
be exercised when drawing conclusions from the comparison of average 
velocities with atomistic theories. 
The polarized light technique permits all of the data at one strain 
level and temperature level uo be collected from one specimen and facil­
itates the identification of the recrystallized portion. Also, it elim­
inates quenching the specimen and the errors due to metallographic 
changes during quenching. Coupled with a rapid heating technique the 
use of polarized light and motion picture photography allows investiga­
tion of recrystallization over wide variations in temperature and degrees 
of cold work. 
It is recognized that the observations of recrystallization made 
in this study were made on the surface of the specimens and that this 
may not be representative of the kinetics of the recrystallization of 
the interior portion of a massive piece. 
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APPENDIX 
4o 
Table 1, Measurements of fraction recrystallized and interfacial area 
for samples strained 4.5# and annealed at 90°C (films 3(a), 
3(b), 4(b) and 5) 
Time Interfacial Area Average Fraction Variance, s^  
Recrystallized, X 
2 
sec mm 
480 1.43 0.015 0.009 
600 2.17 0.018 0.012 
800 2.18 0.035 0.006 
1000 2.30 0.055 0.007 
1210 3.75 0.098 0.021 
1740 5.18 0.185 0.009 
2000 5.90 0.225 0.014 
2420 6.70 0.285 0.031 
3000 8.15 0.405 0.093 
4000 9.07 0.615 0.006 
5400 9.00 0.770 0.097 
5840 5.90 0.800 0.047 
6230 5.75 0.825 0.062 
6900 4.92 0.850 0.019 
7100 4.55 0.870 0.037 
41 
Table 2. Measurements of fraction recrystallized and interfacial area 
for samples strained 4.5^ and annealed at 110°C (films 1(a), 
2, and 4(a)) 
Time Interfacial Area Average Fraction Variance, s„ 
Recrystallized, X 
2 
sec mm 
100 1.73 0.015 0.011 
150 2.22 0.037 0.003 
180 3.70 0.080 0.019 
200 4.22 0.105 0.004 
250 6.02 0.162 0.008 
300 6.10 0.242 0.017 
400 9.00 0.320 0.013 
500 9.64 0.556 0-.011 
540 8.15 0.602 0.083 
600 8.12 0.710 0.018 
650 7.80 0.805 0.007 
710 6.22 0.872 0.002 
800 4.84 0.900 0.051 
900 4.84 0.905 0.037 
1000 3.90 0.935 0.005 
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Table 3» Measurements of fraction recrystallized and interfacial area 
for sample strained 4.5^ and annealed at 110°C (film 14(d)) 
Time Interfacial Area Fraction Recrystallized 
2 
sec mm 
15 1.12 0.005 
20 1.92 0.009 
30 2.67 0.041 
50 4.27 0.162 
70 6.98 0.270 
90 9.63 0.380 
95 9.91 0.422 
100 10.07 0.480 
110 7.24 0.665 
150 6.20 0.810 
180 5.55 0.876 
200 5.14 0.890 
220 3.86 0.905 
240 3.15 0.920 
300 3.00 0.970 
4) 
Table 4. Measurements of fraction recrystallized and interfacial area 
for samples strained 4,5^ and annealed at 140°C (films 14(a) 
and (b)) 
Time Interfacial Area Average Fraction Variance, s„ 
Recrystallized, X 
2 
sec ram 
5 1.96 0.020 0.017 
8 2.70 0.045 0.007 
10 3.00 0.075 0.003 
12 4.10 . 0.125 0.006 
15 4.65 0.140 0.022 
20 6.30 0.225 0.011 
25 9.25 0.305 0.009 
30 10.05 0.485 0.002 
7.80 0.695 0.007 
50 7.60 0.820 0.012 
60 5.15 0.880 O/OI8 
70 4.90 0.902 0.021 
80 4.45 0.945 0.009 
90 3.10 0.950 0.012 
100 2.75 0.965 0.008 
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Table 5. Measurements of fraction recrystallized and interfacial area 
for samples strained 3.9^ and annealed at 130°C (films 15(c) 
and 16(a)) 
Time Interfacial Area Average Fraction Variance, s„ 
2 Recrystallized, X 
sec zm 
400 1.9? 0.005 0.003 
500 2.05 0.010 0.002 
600 2.19 0.015 0.005 
700 2.43 0.025 0.008 
800 3.38 0.042 0.005 
1000 4.05 0.P70 0.014 
1500 5.73 0.140 0.009 
2000 7.85 0.215 0.005 
2200 9.41 0.250 0.007 
2400 11.00 0.295 0.021 
2600 11.15 0.350 0.015 
3000 11.45 0.550 0.019 
4000 10.00 0.800 0.007 
4400 9.46 0.840 0.011 
4800 7.61 0.882 0.015 
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Table 6, Measurements of fraction recrystallized and interfacial area 
for samples strained 3*9^ and annealed at 140°C (films l6(b) 
and 15(a)) 
Time Interfacial Area Average Fraction Variance, Sy 
Recrystallized, X 
2 
sec mm 
50 1.05 0.005 0.005 
60 1.98 0.007 0.007 
90 2.15 0.042 0.012 
100 2.19 0.062 0.009 
140 5.60 0.140 0.019 
160 7.74 0.200 0.012 
200 11.63 0.300 0.031 
250 12.42 0.492 0.024 
280 11.80 0.615 0.037 
310 11.45 0.705 0.016 
400 8.05 0.820 0.041 
500 6.43 0.890 0.029 
700 4.31 0.945 0.009 
760 3.09 0.950 0.004 
800 2.16 0.970 0.017 
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Table 7» Measurements of fraction recrystallized and intcrfacial area 
for sample strained 3*9^ and annealed at 150°C (film 15(b)) 
Time Interfacial Area Fraction Recrystallized 
2 
sec mm 
12.5 1.71 0.005 
17.5 2.93 0.015 
20 3.01 0.025 
30 4.14 0.070 
ho 4.87 0.120 
50. 7.93 0.220 
60. 9.48 0.270 
70 10.40 0.360 
80 13.42 0.460 
90 12.01 0.590 
•100 11.57 0.680 
110 11.20 0.742 
120 10.00 0.802 
,]# 7.30 0.895 
240 2.93 0.965 
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Table 8, Measurements of fraction recrystallized and interfacial area 
for samples strained 3«0^ and annealed at 140 C (films 12(a), 
12(b) and 10(a)) 
Time Interfacial Area Average Fraction Variance, Sy 
Recrystallized, X 
2 
sec mm 
2140 1.42 0.010 0.005 
2400 1.78 0.015 0.001 
3000 2.93 0.060 0.006 
4000 4.19 0.102 0.017 
5200 6.06 0.195 0.009 
5600 7.75 0.240 0.013 
6000 9.15 0.302 0.018 
6800 9.19 0.360 0.027 
7200 9.31 0.400 0.031 
8000 10.01 0.445 0.013 
9000 9.07 0.560 0.029 
10,000 8.00 0.700 0.014 
12,000 6,63 0.800 0.021 
14,600 6.50 0.850 0,017 
17,000 4.00 0.900 0.016 
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Table 9. Measurements of fraction recrystallized and interfacial area 
for samples strained 3.0^ and annealed at 150°C (films 10(b), 
11(a) and 11(b)) 
Time Interfacial Area Average Fraction Variance, s„ 
Recrystallized, X 
2 
sec ram 
130 0.91 0.005 0.002 
160 1.53 0.007 0.006 
280 2.19 0.040 0.003 
320 3.01 0.085 0.009 
400 6,08 0.310 0.032 
500 7.00 0.550 0.016 
580 7.21 0.680 0.017 
620 6.95 0.695 0.022 
640 6.42 0.720 0.011 
700 6.41 0.750 0.039 
720 6.29 0.752 0.053 
780 6.07 0.770 0.024 
810 5.52 0.805 0.051 
830 4.84 0.830 0.037 
920 4,03 0.875 0.043 
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Table 10. Measurements of fraction recrystallized and interfacial area 
for samples strained 2.0^ and annealed at 150°C (films 13(a) 
and (b)) 
Time Interfacial Area Average Fraction Variance, s^  
Recrystallized, X 
2 
sec mm 
210 0.031 0.010 0.009 
300 1.48 0.025 0.007 
400 2.22 0.065 0.007 
500 2.40 0.080 0.002 
600 3.00 0.140 0.013 
700 4.00 0.180 0.025 
800 4.32 0.220 0.031 
1000 5.00 0.285 0.023 
1200 5.91 0.360 0.037 
1400 6.03 0.435 0.016 
1800 6.81 0.505 0.012 
2000 6.63 0.605 0.013 
3000 6.13 0.685 0.003 
4000 5.62 0.785 0.006 
6000 3.70 0.890 0.008 
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Table 11. Measurements of fraction recrystallized and interfacial area 
for sample strained 2,0'^ and annealed l6o°C (film 14(c)) 
Time Interfacial Area Fraction Recrystallized 
2 
sec mm 
15 1.05 0.010 
20 1.91 0.025 
25 2.19 0.045 
30 2.34 0.062 
35 2.63 0.072 
40 2.74 0.080 
100 4.68 0.250 
160 5.14 0.425 
220 6.71 0.530 
o
 
o
 
6.27 0,665 
400 5.81 0.705 
480 ' 5.63 0.795 
520 4.29 0.820 
600 3.85 0.850 
720 3.01 0.880 
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Figure I3. Recrystallization at 90°C. of a sample strained 4.5# 
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Figure 14. Recrystallization at 110°C. of a sample strained 4.51 
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Figure I6. Recrystallizstion at of a sample striined 4.5% 
55 
2.5 sec 5.0 sec 7.5 sec 10.0 sec 12.5 sec 
15.0 sec 17.5 sec 20,0 sec 22.5 sec 25.0 sec 
27.5 sec 30.0 sec 32,5 sec 35.0 sec 37.5 sec 
40.0 sec 42.5 sec 45.0 sec 7^«5 sec 50.0 sec 
>* t 600 yU I 
Figure ]?, Recrystaliisation zt of a sample %lrained 4.5^ 
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Figure 13. Recrystallixation at 140°C. of a sample strained 3.9;^ 
(Continued on following pzge) 
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Figure 18. (continued] 
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Figure .ly. Rec.'ry::taîlizaticri at 140°C. of a sample strained j.ol 
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